Estimates of the mass and energy requirements of loop prominences indicate difficulties in the generally accepted "condensation process." An alternative process is considered in which superthermal particles drift or are injected into the magnetic field of the loop. It is found that all the mass required to maintain a loop (or quiescent) prominence can be supplied in the form of particles moving at 10 8 cm/sec and that their energy will then just balance that lost by radiation Since it is now known that loop prominences are associated with those flares that produce copious amounts of fast plasma, it is suggested that the loops arise naturally as a coronal configuration by which this flare plasma is returned to the chromosphere The mass and energy required to feed the loop system are provided by the injection into the system of fast particles of this plasma. The applicability of this mechanism to other types of prominences is discussed.
I. INTRODUCTION
Motion pictures of loop prominences suggest that they condense out of the solar corona; that is, that their mass is supplied by the coronal material that immediately surrounds them. This appears to be the most frequently accepted view, and a number of authors have discussed various aspects of the physics of this condensation process in loops and other prominences (Kiepenheuer 1951 (Kiepenheuer , 1953 (Kiepenheuer , 1959 Parker 1953; Kleczek 1957 Kleczek , 1958 Kleczek , 1963a Liist and Zirin 1960; Zirker 1961, 1963; Menzel and Doherty 1963) . There are two severe difficulties in this hypothesis as applied to loop prominences, however : first, it is hard to see how the plasma necessary to maintain the loops can be transported from the corona across a magnetic field which evidently outlines the loops; and second, the mass and energy necessary to maintain the loop system are large compared with that of the permanent coronal condensation in which the prominence is imbedded (Kleczek 1963Ô; Jefferies and Orrall 1963a) . In this paper we consider quantitatively these mass and energy requirements in an attempt to resolve the question as to whether or not the loop-prominence material condenses from the neighboring corona. On this basis we discuss a possible model for the formation of the Ha loop and attempt to tie this in with the principal result of the preceding paper (Jefferies and Orrall 1965 ; hereinafter cited as "Paper I"), namely, that the extremely broad Ha wings observed in spectra of loops suggest the existence of a jetlike streaming of material down the loops from a region near their tops.
II. MASS BALANCE IN LOOP PROMINENCES
Prominence material nearly always first becomes visible in Ha near the top of the loop and then falls down one or both sides. In principle, one can determine the density and velocity of material and the diameter of each loop and so compute the total mass delivered to the chromosphere each second by the whole system. In practice, the density is difficult to estimate; we have used an electron density of n e = 10 u cm -3 throughout, consistent with our determinations based on measurement of the prominence continuum near the head of the Balmer series in other loops (Jefferies and Orrall 1961) . The velocity component in the plane of the sky can be measured from Ha motion pictures, and the component in the line of sight from the displacement of the emission lines. Observations indicate that most of the material reaches the chromosphere with a velocity of about 100 km sec -1 -somewhat less than that of free fall. In the loop system of February 19, 1962, we found the total mass flow to be 10 16 gm during the period of observationwhich was less than the total lifetime of the loops. In a completely independent study, Kleczek (1963c) found total mass flows of 2 X 10 15 gm, 10 15 gm, and 2.3 X 10 16 gm in the loop systems of May 8, September 11, and October 22, 1956, respectively. These figures are generally larger than the total mass of the permanent coronal condensations within which loop systems invariably develop. The total mass of Waldmeier and Midler's (1950) model coronal condensations is 10 15 gm. The loop system of February 19, 1962, formed in the same permanent condensation as that observed at the total eclipse of February 4-5, 1962 , by Waldmeier (1963 . He has determined the electrondensity distribution and finds it in close agreement with the Waldmeier-Müller model. It is possible that matter is continually resupplied at the proper rate to the coronal condensation from the plage underlying it, but the difficulty of supplying this plasma across the magnetic field remains. However, the material might be injected directly into the bottom of the loops. Such an ^injection process" has the advantage that the plasma is delivered along the magnetic lines of force, but the disadvantage that we do not observe material moving up the loops, either in Ha or in X 5303 motion pictures. One sometimes sees surges that are constrained to move upward from the chromosphere along a preexisting loop, but these are much too rare to supply all of the required mass and probably most loop systems do not show them at all. J. W. Warwick (unpublished) points out, however, that if the mass is injected at the bottom of the loops in the form of fast particles, then it will be tenuous and so invisible in Ha. We postpone to Section IV the question of the origin of these energetic particles and where their injection occurs, but if they are in fact injected into the magnetic field of a pre-existing coronal condensation, they will move along the lines of force until they give up their ordered motion by coulomb encounters with the ambient gas to produce a hot, overdense region. As the density increases, particles of higher and higher energy will be stopped in shorter and shorter times so that the density, temperature-and so the pressure-will increase rapidly. This region (possibly T e > 10 7 ° K, > 10 u cm" 3 ) will explode or expand rapidly, but the expansion will be confined by the magnetic field and will result in a jetlike flow as required in Paper I to explain the Ha-line wings. The plasma will cool by expansion and radiation, until it is cool enough to be observed as an Ha loop prominence. Such rapid heating may well produce the X-ray emission and radio bursts that seem to accompany sudden changes in loop prominence (Kleczek and Krivsky 1960; Bruzek 1963) ; these sudden changes may be caused by a sudden increase in the rate of injection of material.
III. ENERGY BALANCE IN LOOP PROMINENCES
This model of the loop-prominence mechanism requires that all the mass be supplied in the form of fast particles. Unless the kinetic energy of these particles exceeds a few keV they will lose it all by thermalizing collisions before reaching the top of the loops (cf. Table 3 of Paper I). On the other hand, if too energetic, the particles will either not be stopped at all or, if they are, will deliver far too much energy to the system.
Much of the heat produced in this thermalizing process will be lost by radiation. An approximate expression-valid over a wide range of temperature for the net radiant for cgs units. The radiant energy loss of the entire loop system throughout its lifetime is, therefore, given as
where Nt is the total number of ions delivered by the loop system to the chromosphere and is the lifetime of an individual loop. 1 For the February 19, 1962, event Nt = 6 X 10 39 (corresponding to a total mass flow of 10 16 gm) and the time th is about 1.5 X 10 3 sec. Hence from equations (1) and (2) we find that, for cgs units,
so that the total radiative energy loss is ^2 X 10 31 ergs which exceeds total energies estimated for most class 2 flares. The kinetic energy contained in the material which falls into the chromosphere is 5 X 10 29 ergs, which is small compared with the radiative loss, but is still ample to maintain the bright flare ribbons in which the feet of the loop system appear to be imbedded-thus loop systems may serve to prolong the apparent lifetime of some flares.
If all the required mass is supplied as fast particles injected into the loops with an initial velocity Ft, then the total kinetic energy Ur delivered to the system will be Uz = \MtVí 2 . For Vi = 10 8 cm sec -1 , I/# = 5 X 10 31 ergs, or about enough to be balanced by the radiative losses.
While this result applies to the February 19, 1962, event, we can extend the same reasoning to other prominences. If we assume that all the mass and energy necessary to maintain a prominence throughout its lifetime are supplied by particles injected into the prominence with velocity Vi, and that all of this energy is lost by radiation, we find by equating Ur to Ur that the required injection velocity is given in cgs units by Vi 2 c^20 n e tL -
The product njlh seems to lie between 3 X 10 14 and 5 X 10 14 cm -3 sec for all loop prominences. In quiescent prominences n e^5 X 10 10 cm -3 (Jefferies and Orrall 1963¿>) but 10 4 sec (Orrall and Zirker 1961) , so that again n e tL-5 X 10 14 cm" 3 sec. This suggests that the energy balance of both quiescent and loop prominences could be maintained by corpuscles having a velocity of about 1000 km/sec. This is, of course, roughly the velocity of the low-energy corpuscular streams that are believed to produce the recurrent geomagnetic storms as well as the flare storms. Thus it is known that thé Sun continually generates large numbers of particles in this energy range and not mërely at the time of solar flares, and the injection of fast particles may therefore compete with the condensation process in producing quiescent prominences and other prominènces of the A-type in the Menzel-Evans (1953) scheme of prominence classification.
IV. THE LOOP-PROMINENCE MECHANISM
It has long been known that loop prominences tend to accompany solar flares and great solar activity. Further, we found (Jefferies and Orrall 1963Z>) a relation between loop prominences and flares associated with Type IV radio emission and proton cosmicray events. More recently, Bruzek (1964a) has studied forty-eight occurrences of loop 1 The lifetime of a system of loops may exceed 10 4 sec; however, the material in an individual loop radiates only for about 10 3 sec before falling into the chromosphere. The system is maintained by the formation of new loops or by the re-formation of old ones. prominences observed between November, 1956, and December, 1962 , all but six of which were closely related to large flares, and these six were all observed at the limb, behind which associated flares might possibly have been hidden. In another study (Bruzek 1964Ô) of twenty loop prominences observed against the disk for which he had complete data, Bruzek found that nineteen were accompanied by Type IV radio emission and seventeen were followed by PC A events. On the other hand, out of twenty-two PCA flares, at least nineteen produced loop prominences. All of the ground-level cosmicray flares observed between 1959 and 1961 were associated with loop prominences. This gives strong support to the hypothesis that loop prominences occur only in association with important flares, and it is natural to suppose that the fast plasma required to maintain the loop system is produced by the same mechanism that accelerates the fast particles known to be emitted from the Sun at the time of these flares. We found above that the loops of February 19, 1962, required a total of ^40 16 gm of material to be delivered with a velocity of 1000 km/sec. Parker (1963) estimated that one large flare accelerated 2 X 10 15 gm to 1500 km/sec. His estimate was based on the number of particles that escaped from the Sun, but it is possible that as many particles, or more, remained trapped in the sunspot magnetic field. Thus large flares seem to be quite capable of producing the amount of fast plasma required for our suggested mechanism.
No entirely satisfactory mechanism for the acceleration of flare plasma has yet been found, although the problem has received increased attention in recent years. While a detailed picture of how the plasma is injected into the loops may have to await the solution of this problem, two alternate pictures might be considered. First, we might suppose that keV particles are emitted from the plage or flare underlying the loops by some unspecified process more or less continuously throughout the lifetime of the loop system. Alternatively, the plasma might be accelerated during the early stages of the flare, stored in the corona, and fed into the loop system throughout its lifetime.
The first picture would be consistent with Warwick's (1962) theory of flares. He suggests that all of the particle radiation, as well as the photospheric, chromospheric, and coronal manifestations of flares, have their origin in a flux of energetic protons that are generated by the Fermi mechanism below the photosphere where the energy content of the gas is high and where the magnetic field is disordered. He computes that 300-MeV protons can escape from the photosphere from a depth as great as 480 km. Enough energy and fast plasma can be transported by this process to maintain the flare and satisfy the observations of the flare's corpuscular radiation. But the low-energy protons that we require cannot penetrate even 1 km of chromospheric material, and it seems unlikely that they can be produced by 300-MeV protons that have lost energy in their journey from the subphotosphere since the required 10 40 protons would deposit ^40 36 ergs in the photosphere underlying the loops and this would surely produce some effect in white light. A further difficulty with Warwick's theory is that the Fermi mechanism is slow, and the accelerated protons would be thermalized before becoming energetic enough to escape into the corona.
An example of the second picture is the idealized model of the flare event proposed by Wild, Smerd, and Weiss (1963) to explain the variety of radio bursts and other phenomena that accompany flares. The flare is initiated by a "magnetic explosion" in the inner corona which produces relativistic electrons and magnetohydrodynamic shock waves with velocities ^lOOO km/sec. In their model all the particle acceleration takes place within an hour after the initial disturbance. Since loop prominences last for hours following the flare, we require that the necessary fast plasma be stored for a corresponding time. From Table 3 of Paper I we see that keV protons can only be stored for the required length of time in a region outside the coronal condensation.
It is believed, however, that both relativistic electrons and energetic protons are stored in the coronal magnetic field for hours following the flare (the evidence for this is reviewed by Wild et al. (1963) , and it is reasonable to suppose that ions of lower energy
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are produced and stored there also. Since loop prominences follow large flares that show other evidence of stored energetic plasma, and since some flares are known to accelerate sufficient plasma to 1000 km/sec to maintain a loop prominence, it seems likely that this stored plasma is indeed the source of the prominence matter. Fast ions, trapped in loops of the sunspot magnetic field that extend out to a radius or more, spiral in the field between the mirror points. Some of them may drift or be transferred to other loops of the field that extend out to only one-tenth of a radius so that they are contained within the permanent coronal condensation. If a sufficient number of ions are injected in at once, thermalization somewhere within the loop may take place as described earlier. Thus it is suggested that the loop prominences are one way in which the corona dumps its trapped flare plasma back into the photosphere.
V. SUMMARY AND CONCLUSIONS
We have contrasted two theories of the source of the loop prominence mass and energy, the "condensation^ and the "injection" processes. Speaking against the former we have reviewed evidence that the mass and energy of the permanent coronal condensation (within which the loop prominence invariably occurs) are not sufficient to supply the loop system throughout its lifetime. Although it might be argued that the required mass and energy are continually supplied to the coronal condensation at the proper rate, it is still difficult to see how the required plasma can be delivered across the magnetic field which is evidently directed along the loops. In the alternate hypothesis all the necessary plasma is injected into the loops in the form of fast particles, and delivered along the field. We have shown that if all of the 10 16 gm necessary to supply a large loop system were delivered in the form of protons with velocities of 10 8 cm/sec their energy could be just enough to supply the radiative losses. Loop prominences are closely associated with solar flares, tending to reach full development during the declining phase of those great flares which produce large numbers of energetic protons and electrons. Since many of these particles are believed to remain stored for hours following the flare in the sunspot magnetic field that extends out beyond the inner corona, we have suggested the following theory of loop prominences (as shown schematically in Fig. 1) : а) Some of the plasma accelerated during the early stages of a great flare remains trapped in the sunspot magnetic field overlying the coronal condensation.
б) Some of these fast particles will drift or be transferred into those loops of the sunspot magnetic field which are wholly contained within the coronal condensation, where the density is much higher than in the neighboring corona. c) Particles having a few keV energy will be stopped and become thermal in a region which is usually observed to be near the tops of the loops. When this occurs, the density there will increase allowing particles of higher and higher energy to be stopped. As this process continues, the temperature and density will rise rapidly-possibly to T e > 10 7 °K, n e > 10 11 cm" 3 . d) The hot, dense region will expand rapidly to produce the sporadic condensation and Ha loops. This rapid expansion or explosion produces the observed wide wings of the Ha-line described in Paper I. The cooled, dense prominence material will fall back into the photosphere in ^lO 3 seconds, and the loop system will be maintained by the formation of new loops. The faint wings extending tens of angstroms from the line center cannot be produced by this process unless the temperature of the explosion exceeds 10 8 ° K. It seems more likely that the extreme wings sometimes observed are due to fast protons injected into the loops after the Ha loop has been formed and which will pick up electrons by charge exchange and radiate Ha as fast H atoms before they are stopped.
Other types of sunspot prominences may also be produced from stored flare plasma by the same mechanism. In our idealized model we have pictured the thermalization process as taking place at the top of the loop of the magnetic field, because this is consistent with the observation that loops usually (but not always) first become visible 524 J. T. JEFFERIES AND F. Q. ORRALL Vol. 141
there. But if instead it occurred near the bottom of one side of a loop, the result should look very much like a surge. It seems likely that this process produces some surges, particularly those that occur in association with loops. Coronal rain and funnel prominences (designated ANa and ASf, respectively, in the Menzel-Evans 1953 scheme of classification) are similar to loops in many respects though the funnels are rarer and seem to accompany great activity, while "coronal rain" is quite a common phenomenon. (Does coronal rain only occur in association with sunspots that have already produced a flare? To our knowledge that relation between flares and these sunspot prominences has not been studied.) Thus it seems that the thermalization process that we have described can take place anywhere in the sunspot magnetic field that extends into the inner corona, but in loop prominences it is observed to take place near the top or vertex of the field lines. Also, PERMANENT CORONAL CONDENSATION SPORADIC CONDENSATION AND Ha PROMINENCE LOOP Fig. 1. -A schematic picture of the theory of loop prominences outlined in this paper, (a) Energetic particles, accelerated during the initial stages of a flare, remain trapped in the coronal magnetic field overlying the sunspot. Only the inner corona is shown, but fast particles are stored out to several solar radii, (b) From time to time bunches of fast corpuscles drift or are transferred by collisions, from magnetic field lines that extend far out into the corona to magnetic field lines that are wholly contained within the pre-existing permanent coronal condensation (indicated in the figures by dashed lines), {c) Particles with a few keV energy will be thermalized producing a hot, dense region near the top of the loop, {d) This hot, dense region will expand and cool, producing a sporadic condensation and an Ha prominence loop.
loop-prominence systems are observed to grow in height, primarily because each new loop first appears at a slightly greater height than its predecessor. Both of these phenomena are probably to be explained by the mechanism which transfers fast particles into the loops, but a detailed understanding of this mechanism will have to await further studies of the growth of loop prominences.
